Prestin is a membrane protein in the outer hair cell (OHC) that has been shown to be essential for electromotility. OHCs from prestin-null mice do not express prestin, do not have a nonlinear capacitance (the electrical signature of electromotility), and are smaller in size than wild-type OHCs. We sought to determine whether prestin-null OHCs can be transduced to incorporate functional prestin protein in a normal fashion. A recombinant helper-dependent adenovirus expressing prestin and green fluorescent protein (HDAd-prestin-GFP) was created and tested in human embryonic kidney cells (HEK cells). Transduced HEK cells demonstrated membrane expression of prestin and nonlinear capacitance. HDAd-prestin-GFP was then applied to cochlear sensory epithelium explants harvested from wild-type and prestin-null mice at postnatal days 2-3, the age at which native prestin is just beginning to become functional in wildtype mice. At postnatal days 4-5, we investigated transduced OHCs for (1) their prestin expression pattern as revealed by immunofluorescence; (2) their cell surface area as measured by linear capacitance; and (3) their prestin function as indicated by nonlinear capacitance. HDAd-prestin-GFP efficiently transduced OHCs of both genotypes and prestin protein localized to the plasma membrane. Whole-cell voltage clamp studies revealed a nonlinear capacitance in transduced wild-type and prestin-null OHCs, but not in non-transduced cells of either genotype. Prestin transduction did not increase the linear capacitance (cell surface area) for either genotype. In peak nonlinear capacitance, voltage at peak nonlinear capacitance, charge density of the nonlinear capacitance, and shape of the voltage-capacitance curves, the transduced cells of the two genotypes resembled each other and previously reported data from adult wildtype mouse OHCs. Thus, prestin introduced into prestin-deficient OHCs segregates normally to the cell membrane and generates a normal nonlinear capacitance, indicative of normal prestin function.
INTRODUCTION
Prestin is a protein located in the lateral wall plasma membrane of outer hair cells (OHCs) and is a voltageto-force converter (Adler et al. 2003; Belyantseva et al. 2000a; Dallos and Fakler 2002; Liberman et al. 2002; Ludwig et al. 2001; Zheng et al. 2002; Zheng et al. 2000) . Prestin is believed to act in concert with the other structures of the trilaminate OHC lateral wall to generate the relatively large somatic electromotility that is an unusual feature of these cells (Brownell et al. 1985; Evans and Dallos 1993; He et al. 2006; Oghalai et al. 1998b) . Electromotility is necessary for the high sensitivity and frequency selectivity of the mammalian cochlea (Brownell et al. 2001; Cheatham et al. 2004; Dallos and Fakler 2002; Oghalai 2004) . The electrical signature of prestin function is a nonlinear capacitance, which is thought to reflect anion movement associated with changes in prestin conformation (He et al. 2006; Oliver et al. 2001) . Prestin transfection of human embryonic kidney (HEK) cells results in a nonlinear capacitance (Deak et al. 2005; Rajagopalan et al. 2006; Santos-Sacchi 2002; Zheng et al. 2000) . In adult OHCs, electromotility and nonlinear capacitance are highly correlated (Ashmore 1990; Dallos and Fakler 2002; Santos-Sacchi 1991a) . The time course of prestin expression in postnatal development is consistent with the onset and maturation of electromotility (Belyantseva et al. 2000a; He et al. 1994; Oliver and Fakler 1999) . In normal mice, prestin protein begins to be expressed around P2-3 (Winter et al. 2007) , and a nonlinear capacitance can first be measured around P5-6 (Abe et al. 2007 ). Electromotility is not fully functional at an adult level until days 15-18 (Abe et al. 2007) .
The lack of prestin in the prestin-null mouse produces OHCs that do not have a nonlinear capacitance, do not have electromotility, and are smaller than wild-type OHCs (Liberman et al. 2002) . However, prestin has never been put back into prestin-null OHCs to determine whether any of these properties can be restored. Employing a helperdependent adenoviral (HDAd) vector, we transduced early postnatal wild-type and prestin-null organ of Corti cultures with prestin and studied them with immunofluorescence and whole-cell voltage clamp. We chose to use HDAd because it could potentially be used in vivo, whereas standard transfection techniques for putting a gene into a cell are typically limited to cultured preparations. HDAd is devoid of viral coding sequences and has been shown to mediate highefficiency transduction in vivo and to produce a long-term, high-level of transgene expression with negligible chronic toxicity (Ng et al. 2002; Palmer and Ng 2005) . In this study, we sought to determine whether transduction of prestin-null OHCs with the gene for prestin would lead to normal prestin protein expression and function.
MATERIAL AND METHODS
The Baylor College of Medicine Institutional Animal Care and Use Committee approved the study protocol.
Creation of plasmids
To create the helper-dependent adenovirus expressing prestin and green fluorescent protein (HDAdprestin-GFP) vector, a Nsi1 linker 5′ATGCAACGCG TGGCGCGCCTGCAT3′, including an Mlu1 restriction site, was inserted into the Nsi1 site in the pCMV-HA-prestin-IRES-hrGFP-1a plasmid (Fig. 1) . The prestin cDNA was from the gerbil. The pCMV-HAprestin-IRES-hrGFP-1a mammalian expression plasmid independently expresses hemagglutinin (HA)-tagged prestin and GFP, which allows for easy identification of transduced cells (Rajagopalan et al. 2006; Sturm et al. 2007 ). The resultant vector was linearized with Mlu1 and inserted into the compatible Asc I restriction site in the HDAd vector (pΔ25.3E4 vector), which was derived from pΔ28E4 by deletion of the 3 kb Nhe I fragment (Toietta et al. 2002) . HDAdprestin-GFP was produced using the helper virus AdNG163 and 116 cells as described in detail elsewhere (Palmer and Ng 2003; Palmer and Ng 2004) . After six to eight serial passages, HDAd-prestin-GFP was isolated in a buffer of 10 mM Tris and 10% glycerol at a concentration of 4.9×10 12 viral particles (vp) per ml.
HEK cell culture
HEK 293 cells were maintained in Dulbecco's modified Eagle medium (DMEM, GIBCO, Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Invitrogen), seeded at a density of ∼100,000 cells per well on a 60-mm plate and incubated overnight. The cells were released by applying 2 ml of 0.25% trypsin/ ethylenediaminetetraacetic acid (Invitrogen) at 37°C for 5 min, pelleted (800×g), resuspended in 2 ml of DMEM+10% FBS, and then plated on cover glass slips placed in a 24-well culture dish containing 0.5 ml DMEM+10% FBS. The concentration was 4,000-10,000 cells/well.
HDAd-prestin-GFP was diluted to a concentration of 1×10 7 vp/μl in 400 μl fresh DMEM+10% FBS and applied to the wells. Some preparations did not have HDAd-prestin-GFP applied and were defined as controls. The cells were then cultured at 37°C in 5% CO 2 , and the medium was changed after 24 h. After 48 h, the cells were used for either the immunohistochemical or the physiological studies.
Immature organ of Corti cultures
Prestin wild-type and null mice were derived from a mixed background of 129/SvEv and C57B6/J (obtained from Dr. Jian Zhou in St Jude Children's Research Hospital, Memphis, TN, USA) and maintained as heterozygote intercrosses (Liberman et al. 2002) . Pups at postnatal days 2-3 (P2-P3) were euthanized and the temporal bones removed before the otic capsule was dissected in fresh cold Hank's balanced salt solution (Invitrogen). The membranous labyrinth was exposed in DMEM containing 10% FBS, 0.01% ampicillin (Invitrogen), and 0.025% FungiZone (Invitrogen). The sensory epithelium from the middle region of the cochlea was isolated in 35 mm Falcon® culture dishes (BD, Franklin Lakes, NJ, USA), and the tectorial membrane was carefully removed. The sensory epithelium was then mounted on a round glass coverslip (Fisher Scientific, IL, USA) with BD Cell-Tak™ Cell (BD Biosciences, San Jose, CA, USA) and placed into each well of a 24-well culture dish containing DMEM.
HDAd-prestin-GFP was applied at a concentration of 1×10 7 vp/μl to the sensory epithelium explant cultures immediately after dissection. Some preparations did not have HDAd-prestin-GFP applied and were defined as controls. The dishes were placed in an incubator (Nuaire, Plymouth, MN, USA) at 37°C in 5% CO 2 . The DMEM was changed daily. After 48 h, the cells were used for either immunohistochemical or physiological studies.
Immunohistochemical studies
The coverslips containing either HEK 293 cells or organ of Corti preparations were rinsed with PBS two times for 15 min each and then fixed with 4% paraformaldehyde (PFA) for 1 h at room temperature (RT). The preparations were washed twice again and treated for 1 h at RT with 4% normal goat serum (NGS) in PBS+0.1% Triton X-100 (PBST) to reduce background staining. Mouse anti-HA antibody (Cell Signaling Technology, Beverly, MA, USA) was diluted 1:1,200 in 4% NGS in PBST, applied to the preparations, and incubated at 4°C overnight. The preparations were then washed three times in PBS for 10 min each.
For HEK cell preparations, Alexa Fluor® 594 goat anti-mouse secondary antibody was diluted 1:500 (Invitrogen) and applied for 1 h at RT. For organ of Corti preparations, a mixture of Alexa Fluor® 594 goat anti-mouse secondary antibody diluted 1:500 and Alexa Fluor® 488 phalloidin diluted 1:200 (Invitrogen) was applied for 1 h at RT. As a control, some organ of Corti cultures were stained with the Alexa Fluor® 594 secondary antibody and Alexa Fluor® 488 phalloidin in the absence of primary antibody.
The preparations were washed again with PBS, mounted on microscope slides with Fluoromount G (SouthernBiotech, Hatfield, PA, USA), and sealed with nail polish. Images were captured on a Zeiss LSM 510 confocal microscope (Carl Zeiss Optics Company, Jena, Germany).
Paraffin-embedding and immunolabeling of organ of Corti cultures
Some of the organ of Corti cultures were fixed with 4% PFA, dehydrated in ethanol, clarified in xylenes, and then embedded in paraffin. Serial paraffin sections (7 μm) were cut to obtain cross-sections of the sensory epithelium. After deparaffinization with a series of xylenes and ethanol, the slides were washed with PBS three times and immersed with 4% NGS in PBST for 1 h at RT. The preparations were incubated at 4°C overnight in a mixture of mouse anti-HA (dilution 1:1200) and rabbit anti-myosin VIIa (dilution 1:200, Affinity Bioreagents, Golden, CO, USA).
After washing with PBS the next day, the preparations were immersed in a mixture of Alexa Fluor® 594 goat anti-mouse and Alexa Fluor® 488 goat anti-rabbit secondary antibodies at RT for 1 h. Followed by washing with PBS again, the cultures were mounted on microscope slides with the Vectashield® mounting medium with 4′,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA) and sealed with nail polish. Images were captured on a Zeiss LSM 510 confocal microscope (Carl Zeiss Optics Company).
Electrophysiological measurements
Electrophysiological data were obtained from cells using the whole-cell voltage clamp technique. The extracellular solution contained Ca 2+ and K + channel blockers (122 mM NaCl, 20 mM TEA-Cl, 15 mM CsCl, 10 mM glucose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], 1.25 mM CoCl 2 , and 1.5 mM MgCl 2 ). The pH was 7.3, and the osmolality was 300 mmol/kg. A coverslip containing either HEK 293 cells or the organ of Corti cultures was gently washed with extracellular solution. The coverslip was placed in a chamber and immersed in extracellular solution. The chamber was fixed to the stage of an Axioskop 2 FS upright microscope (Carl Zeiss Optics Company). A ×40 water immersion objective was used to visualize the preparation, and continuous perfusion of fresh extracellular solution was performed throughout the experiment. All recordings were carried out at RT (23±2°C). Borosilicate patch pipettes with resistances ranging from 3 to 6 MΩ were fabricated using a laser-based micropipette puller (P-2000, Sutter Instrument Company, Novato, CA, USA). The intracellular solution also contained channel blockers (145 mM CsCl, 2.0 mM MgCl 2 , 10 mM glucose, 10 mM HEPES, and 10 mM EGTA). The pH was 7.3, and the osmolality was 315 mmol/kg.
OHCs were patch clamped within the sensory epithelium, using methods previously described (Oghalai et al. 1998a; Rusch and Eatock 1996) . Briefly, the OHC to be studied was selected using fluorescence microscopy with an optical filter set designed to visualize GFP (filter set 38, Zeiss). The patch pipette was brought adjacent to the selected cell, and the voltage was zeroed relative to an Ag/ AgCl reference electrode in the extracellular solution. Suction was applied to produce an electrical seal (91 GΩ) between the pipette and cell membrane.
Pipette capacitance was then corrected with the compensation circuitry of the patch clamp amplifier (either Axon 200B [Molecular Devices, Union City, CA, USA] or EPC10-2 [HEKA Instruments, Southboro, MA, USA]). A −65 mV holding potential was set, and the whole-cell mode was entered. Voltages have been corrected for a liquid junction potential of 4.7 mV calculated using JPCalc (Barry 1994).
A DC voltage step protocol was used to measure cell capacitance at different voltages (Santos-Sacchi 1991b). With pClamp (version 9, Molecular Devices), the voltage was stepped from hyperpolarizing to depolarizing voltages in either 5 or 10 mV steps and the current recorded at a sample rate of 167 kHz. Each step lasted 12.8 ms. The voltage step protocol was averaged 25 times. As the solutions blocked most ionic currents, voltage errors resulting from series resistance were minimized and thus ignored.
The recorded current was separately integrated for the first and second halves of the step. The second integral was subtracted from the first to determine the charge moved. The charge was divided by the voltage step to give the membrane capacitance, which was defined to be the capacitance at the voltage step midpoint. Arbitrarily, the total capacitance at +70 mV was taken to be the linear capacitance; this value was subtracted from the capacitance measured at all other voltage to calculate the nonlinear capacitance.
The nonlinear capacitance curves (C) were fit to a modified Boltzmann equation as described previously (Oliver and Fakler 1999) to calculate the maximum charge transferred (Q max ), the voltage at peak capacitance (V pkcm ), and the slope factor of the voltage dependence (α):
The charge density (d) was then calculated to be the number of electrons moved per square micrometer of cell surface area by the equation:
where e − is the charge of an electron (1.602×10 −19 C), C lin is the linear capacitance, and C conv is the conversion factor for the amount of linear capacitance per unit cell surface area (8 fF/μm 2 ) as previously measured in developing mouse OHCs (Abe et al. 2007 ).
Curve fitting and statistical analysis
All values and error bars presented are mean±SEM. Curve fitting was performed and plotted using Sigma-Plot (9.0, Systat Software) and Origin (Microcal). Statistical significance was performed using Excel (Microsoft Office 2003) . The Student's non-paired two-tailed t-test was used to compare measurements taken from different cells. P values G0.05 were considered statistically significant.
RESULTS

HA-prestin expression and nonlinear capacitance of HEK cells transduced with HDAd-prestin-GFP
We applied HDAd-prestin-GFP to HEK 293 cells to verify that functional prestin protein could be expressed. Confocal images taken 48 h after virus application demonstrated GFP within cell bodies ( Fig. 2A) . Immunolabeling demonstrated that HAprestin was expressed within the plasma membrane (Fig. 2B) . Non-transduced HEK cells in the same preparation did not demonstrate GFP or HA-prestin expression in the same preparation (Fig. 2C) .
To determine if the expressed prestin was functional, we measured the nonlinear capacitance by whole-cell voltage clamp. Representative data from one GFPpositive cell and one control cell in which no HDAdprestin-GFP was applied are shown (Fig. 2D) . Typical bell-shaped curves of capacitance versus voltage were only found in GFP-positive cells (n=5). Control cells did not have a detectable nonlinear capacitance (n=5). The average peak nonlinear capacitance in HEK 293 cells was 7.1±1.3 pF, and the average voltage at peak capacitance (V pkcm ) was −71±9 mV. The charge density was 4,432±1,132 e (range: 3,700-5,500; Rajagopalan et al. 2006; Zheng et al. 2000) . These data indicate that the HDAd-prestin-GFP virus was able to transduce cells and lead to the expression of functional prestin protein.
GFP fluorescence in the prestin-null organ of Corti
Immature organ of Corti preparations harvested from prestin-null mice on P2 or P3 were treated with HDAd-prestin-GFP and grown for 2 days in organotypic culture. Confocal images of the whole mount preparations revealed a number of cells that expressed GFP and, therefore, had been transduced. The GFP fluorescence was primarily observed within the hair cell region, the spiral limbus, and the spiral ganglion region (Fig. 3A) . High magnification images revealed that GFP was present within OHCs (Fig. 3B) . The intensity of the GFP fluorescence varied; some OHCs demonstrated bright fluorescence and some demonstrated weak fluorescence. Transduced inner hair cells (IHCs) were noted rarely. Many supporting cells also expressed GFP.
To determine the efficiency of transduction, we quantified the number of transduced cells in each of five high magnification images from every organ of Corti preparation (rectangles shown in Fig. 3A) . In total, seven preparations were studied (total of 35 high magnification images). For all images, the color intensity levels were kept constant to minimize variability between the preparations. All OHCs and IHCs were counted, and every cell with visible GFP (i.e., either bright or dim fluorescence) was considered to be GFP positive. Overall, 45.7±2.64% of 2,179 OHCs and 1.06±1.28% of 659 IHCs expressed GFP (Fig. 3C) . As non-transduced supporting cells could not be visualized, the efficiency of supporting cell infection could not be determined. Nevertheless, a total of 235 transduced supporting cells over the same 35 high magnification images were counted. Thus, the relative transduction rate was 235 supporting cells per 2,179 OHCs or roughly 11 transduced supporting cells for every 100 OHCs.
HA-prestin expression in cross-sections of the organ of Corti
Some organ of Corti preparations were sectioned and immunolabeled with antibodies to HA to confirm the sites of gene expression. Double labeling with antibodies to myosin VIIa to localize hair cells was also FIG. 3 . GFP and HA-prestin expression within cochlear sensory epithelium cultures from prestin-null mice. A A confocal image of a wholemount preparation under low magnification demonstrates that GFP was expressed primarily within the organ of Corti area (white asterisk and rectangles), the spiral limbus (blue asterisk), and the spiral ganglion area (yellow asterisk). B A representative confocal image under high magnification demonstrates transduction of OHCs and supporting cells. Some OHCs had bright GFP fluorescence (white arrow), some OHCs had low GFP fluorescence (blue arrow), and some OHCs had no GFP fluorescence (yellow arrow). Supporting cells were also transduced (arrowheads). C The percentage of GFP-positive and GFP-negative hair cells was determined in 35 images from 7 cochleae [representative areas counted are shown in (A), rectangles]. D A paraffin-embedded cross-section of a cultured preparation demonstrates that HA-prestin was expressed within the organ of Corti (OC, white asterisk), the spiral limbus (SPL, blue asterisk), and the spiral ganglion area (SG, yellow asterisk). These asterisks correspond to those in (A). Myosin VIIa antibody labels the hair cells with green fluorescence. Scale bars: A 200 μm, B 50 μm, D 100 μm.
performed. Under low magnification imaging (Fig. 3D) , HA-prestin was found to be expressed within the hair cells region. HA-prestin was also found within the spiral limbus at the area where the tectorial membrane had been attached before it was removed at the time of dissection. The central core region of the modiolus, where spiral ganglion cells exist, also expressed prestin. Several images were selected that demonstrated the various regions of HA-prestin expression and studied under high magnification imaging (Fig. 4) . HA-prestin was expressed in several specific cell types, including IHCs, OHCs, Deiter cells, and Hensen cells. The immunolabeling was concentrated within cell membranes. In particular, both the lateral wall plasma membrane and the infranuclear plasma membrane of OHCs were found to contain HA-prestin ( Fig. 4A-G) . However, we could not determine whether the HA-prestin density was similar or different between these two regions of the OHC because of the 7-μm thickness of the paraffin sections. Nevertheless, these sections clearly demonstrated that stereocilia from inner hair cells OHCs and did not contain HA-prestin expression. No HA-prestin immunolabeling was found in control preparations in which virus was not applied (Fig. 4I ).
Intracellular localization of HA-prestin
To better define the specific areas of the OHC that contained HA-prestin, HA immunolabeling was also performed within prestin-null whole-mount preparations (n=4 preparations). The preparations were counterstained with phalloidin and Z-stack series of 27 confocal images, each of 0.57-μm thickness, were taken. Every third section from one representative preparation is presented (Fig. 5) . Again, no HAprestin was found at the level of the stereocilia (Fig. 5A) . HA-prestin was observed below the cuticular plate region (Fig. 5B) . Along the mid-portion of the OHC, there was strong immunolabeling of HAprestin along the lateral wall and minimal labeling within the axial core (Fig. 5C-F) . Weaker immunolabeling was also found within the infranuclear membrane region (Fig. 5G-I ). HA-prestin could also be observed within the plasma membrane of several IHCs in this preparation ( Fig. 5D-E ).
Whole-cell voltage clamp experiments
Next, we performed whole-cell voltage-clamp experiments to measure the linear and nonlinear capaci- tance of OHCs in organ of Corti preparations from wild-type and null mice. OHCs were visualized under a ×40 water immersion objective and identified as either being transduced (GFP positive) or nontransduced (GFP negative; Fig. 6A-C) . For our transduced sample of voltage-clamped OHCs, we chose those OHCs with the brightest fluorescence. Control OHCs grown in culture in which HDAdprestin-GFP was not applied (wild-type: n=6; null: n= 8) did not demonstrate a nonlinear capacitance ( Fig. 6D and E) . GFP-negative OHCs also did not demonstrate a nonlinear capacitance (wild-type: n=8; null: n=6). However, GFP-positive OHCs (wild-type: n=6; null: n=6) demonstrated the bell-shaped nonlinear capacitance-voltage relationship that is characteristic of prestin function ( Fig. 6D and E) .
Comparison of nonlinear and linear capacitance between the genotypes
The prestin-associated charge movement in transduced OHCs was compared (Fig. 7A) . The Q max was 458±27 fC and 363±81 fC for the wild-type and prestin-null OHCs, respectively (n=6 for each, p= 0.288). To account for variations in cell surface area, we calculated the transferred charge density (the charge moved per unit cell surface area) as described in "Material and methods." The charge density was 4,147±460 e − /μm 2 for wild-type OHCs and 4,140± 1,092 e − /μm 2 for null OHCs, and these values were not statistically different (p=0.995).
Next, the slope factor (α) of the nonlinear capacitance was compared. The nonlinear capacitance curves for each cell were normalized to peak capacitance, and the voltage range was shifted so that V pkcm was centered. We then averaged the data and found that wild-type and prestin-null OHCs had similar capacitance-voltage relations (Fig. 7B) . The average slope factor was 44±3 mV and 43±3 mV in transduced OHCs from wild-type and prestin-null mice, respectively, which were not statistically different (n=6 for each, p=0.83).
The average V pkcm was −51.4±6 mV in transduced OHCs from wild-type mice (n=6) and −48±8 mV in FIG. 5 . HA-prestin immunolocalization within a whole mount preparation of the prestin-null organ of Corti. A-C A Z-stack series of 27 images were taken from a whole-mount preparation, and every third slice is presented. The elongated diagram of an OHC on the right shows the location of each slice. In each slice, an OHC is identified (blue arrows) and enlarged in the inset. In some slices, transduced IHC are identified (yellow arrows). A No HA-prestin was found within the stereociliary membranes. B HA-prestin was found within the plasma membrane at the level of the cuticular plate region. C-F HA-prestin was identified within the lateral wall plasma membrane of OHCs. G-I HA-prestin was also found in the infranuclear membrane, although its immunolabeling intensity was lower than that of the lateral wall. Scale bars: 20 μm.
those from null mice (n=6; Fig. 7C ). This difference was also not statistically significant (p=0.74). Previous work has shown that, as the wild-type OHC develops and more prestin is incorporated into the membrane, V pkcm becomes more depolarized (Abe et al. 2007; Oliver and Fakler 1999) . We performed a linear regression analysis using all transduced OHCs that we studied (n=12) to test whether V pkcm was related to peak nonlinear capacitance. In our sample, there was no significant association between the two values (R 2 =0.119. p=0.271).
The linear capacitance was then compared to see if prestin transduction was associated with increased cell surface area (Fig. 7D) . There was no significant difference between control wild-type (5.6±0.2 pF, n= 6) and null OHCs (5.1±0.3 pF, n=8, p1=0.28). This suggests that immature wild-type and prestin-null OHCs are similar in surface area. In addition, there were no significant differences between the linear capacitance of wild-type GFP-positive (5.8±0.6 pF, n= 6) and control OHCs (p2=0.75), and wild-type GFPpositive and GFP-negative OHCs (5.0±0.3 pF, n=7, p3=0.27). Similarly, there were no significant differences between the linear capacitance of null GFPpositive (4.9±0.4 pF, n=6) and control OHCs (p4=0.6) and null GFP-positive and null GFP-negative OHCs (4.1±0.4 pF, n=6, p5=0.23). Thus, prestin transduction was not associated with an increase in cell surface area in either wild-type or prestin-null OHCs.
It should be noted that we did not visually detect electromotility within any of the OHCs that we voltage clamped. However, this does not necessarily mean that electromotility was not present for two reasons. First, in our preparation, the OHCs are viewed from the top and are constrained within the epithelium. Thus, vertical movements generated by a single cell might not be detectable. Second, the size of the electromotile response in adult OHCs varies with cell length. Because immature mouse OHCs are relatively small (15-22 μm long; Abe et al. 2007 ), even electromotile movements that are a relatively large proportion of the total length (i.e., 5%) might not be visible. 
DISCUSSION
Herein, we provide evidence that immature OHCs from wild-type and prestin-null mice can be transduced with prestin using a helper-dependent adenovirus. This was performed in OHCs beginning at P2-3, with testing at P4-5, an age at which native prestin is just beginning to become functional in wild-type mice (Abe et al. 2007 ) and electromotility is not yet present (Belyantseva et al. 2000a; He et al. 1994; Oliver and Fakler 1999) . Our stairstep measurement technique of the nonlinear capacitance was not sensitive enough to detect the low levels of native prestin function in nontransduced OHCs at P4-5. However, this was not an issue in transduced OHCs because of the large amount of functional prestin expressed. While it is likely that any cell type transduced with prestin will have a nonlinear capacitance, these data are the first to demonstrate that prestin transduction rescues normal levels of nonlinear capacitance within prestin-null OHCs.
Our data indicate that both wild-type and prestinnull OHCs that are transduced by HDAd-prestin-GFP express functional prestin protein in a similar manner. The prestin expression pattern in transduced OHCs was found predominantly within the lateral wall like that found in wild-type adult OHCs (Belyantseva et al. 2000a; Cheatham et al. 2005; Zheng et al. 2003) . The Z-stack confocal images indicated that prestin was also expressed within the infranuclear plasma membrane of transduced OHCs, although at lower levels than within the lateral wall. This is an expression pattern similar to adult OHCs, which have a lower level of prestin within the infranuclear membrane than the lateral wall (Yu et al. 2006 ). Alternatively, it is possible that this difference may represent reduced antibody penetration to this tissue depth within the whole-mount preparations, because OHCs from the P2 mouse and the P3 rat demonstrate robust levels (Winter et al. 2007 ). However, our OHCs were slightly older (P4-5) and contained transduced HA-prestin rather than native prestin. Importantly, neither the A The transferred membrane charge density associated with prestin was nearly identical between the genotypes. B After normalizing the nonlinear capacitance curves for each cell to their peak capacitance and aligning their voltage at peak capacitance (V pkcm ), the data were averaged for each genotype. There was no difference in the voltage dependency of prestin between wild-type and null OHCs. C There was no statistically significant difference in V pkcm between the genotypes. D The linear capacitance was similar between control wild-type OHCs, GFP-negative wild-type OHCs, and GFP-positive wild-type OHCs. Furthermore, the linear capacitance was similar between control null OHCs, GFP-negative null OHCs, and GFP-positive null OHCs. Lastly, there was no statistically difference between the linear capacitance of control wild-type and null OHCs.
paraffin-embedded sections nor the confocal images demonstrate prestin expression within the stereocilia.
As the pCMV promoter provides essentially unregulated transcription of HA-prestin mRNA, it is probable that a near-maximal amount of prestin was present within the plasma membrane of transduced cells during our voltage-clamp experiments. Interestingly, the transferred charge density in transduced OHCs 48 h after HDAd-prestin-GFP application was similar to previously reported charge densities of adult wild-type OHCs (approximately 4,000-10,000 e − /μm 2 ; Abe et al. 2007; Cheatham et al. 2005; Gale and Ashmore 1997; Huang and SantosSacchi 1993; Oliver and Fakler 1999; Santos-Sacchi 1991b) . In addition, the transferred charge density of transduced HEK cells was similar to that of the transduced OHCs. This suggests that functionally active native prestin protein in adult wild-type OHCs is not normally regulated at the level of transcription.
Indeed, it is possible that the density of functionally active prestin within the lateral wall is controlled by the physical constraints of the plasma membrane surface area and the biophysical interactions between prestin molecules (Wu et al. 2007 ). The fact that adult wild-type OHCs express prestin in the infranuclear plasma membrane (Yu et al. 2006 ) similar to our unregulated expression of prestin in transduced OHCs suggests that functionally active prestin is regulated at the posttranscriptional level in OHCs. This theory is also supported by the lack of prestin expression within the stereociliary membranes. Potential mechanisms of prestin regulation may include localized membrane recycling, protein degradation pathways, organization by the lateral wall cytoskeleton (Jensen-Smith and Hallworth 2007), or regulation of mRNA stability. Further comparative studies of prestin protein regulation in transduced IHCs, OHCs, and supporting cells with normal OHCs may help to elucidate these mechanisms.
The V pkcm we measured in transduced immature OHCs was depolarized relative to that reported in immature and adult wild-type mouse OHCs, which ranged from −90 to −67 mV (Abe et al. 2007 ). It was, however, similar to that reported for adult rat OHCs (−41 mV; Oliver and Fakler 1999) . In addition, the slope factor of the voltage-dependent capacitance (α) was slightly larger in transduced immature OHCs compared to that of adult wild-type OHCs (∼30 mV; Cheatham et al. 2005; Oliver and Fakler 1999) , and the slope factor of wild-type mouse OHCs has been shown to be stable from P6 to P18 (Abe et al. 2007) . The larger slope factor may in part be because of membrane leakiness at extreme levels of hyperpolarization or depolarization. Electroporation may even be enhanced in the presence of prestin protein (Navarrete and Santos-Sacchi 2006). However, these variations may also reflect the fact that the immature OHCs of either genotype are missing or have insufficient levels of other components necessary for functionality of prestin in the adult. For example, at this age, the lateral wall cytoskeletal proteins critical for electromotility are not fully integrated, and associated changes in OHC stiffness could modulate the nonlinear capacitance (Iwasa 1993) . The role of actin is unclear in that one study demonstrates that its level progressively increases during OHC development (Weaver et al. 1994) , while another suggests that its level decreases (Jensen-Smith and Hallworth 2007) . Spectrin levels progressively increase in the lateral wall of gerbil OHCs over the first three post-natal weeks (JensonSmith and Hallworth 2006) . In addition, the cholesterol and/or phospholipid content of the OHC plasma membrane may change during development Sturm et al. 2007 ). This too may shift the voltage-dependence of prestin-associated charge movement, similar to the effects of alterations of membrane lipids on other transporter proteins (Baukrowitz et al. 1998; Fernandez-Carvajal et al. 2006; Guzman et al. 2007; Hilgemann and Ball 1996) .
Adult OHCs from prestin-null mice are smaller than those from wild-type mice and may have less intracellular turgor pressure (Cheatham et al. 2005; Liberman et al. 2002) . It is possible that prestin may somehow stimulate the process of OHC lengthening that naturally occurs during development (Abe et al. 2007; Belyantseva et al. 2000b; He et al. 1994; Oliver and Fakler 1999) . We have provided the first wholecell voltage clamp data from immature wild-type and prestin-null OHCs to indirectly assess cell size through the linear capacitance. Immature wild-type and prestin-null OHCs have a similar linear capacitance. In addition, OHCs transduced with prestin did not have a larger linear capacitance than non-transduced OHCs. Whether or not prestin promotes OHC growth during functional maturation is unclear. We only studied OHCs 2 days after incubation with HDAdprestin-GFP, which may not provide enough time for a "prestin-induced" increase in linear capacitance to occur.
Unanticipated effects of the HDAd vector may also counteract positive effects of prestin on cell size and/ or be responsible for the differences in V pkcm or α. For example, it is possible that HDAd-prestin-GFP alters cell turgor and shifts the voltage dependence of the nonlinear capacitance (Chertoff and Brownell 1994; Kakehata and Santos-Sacchi 1995; Oghalai et al. 2000) . Based on the transduction pattern, it is possible that trauma enhances the ability of HDAd to infect a cell. Removing the tectorial membrane may affect the OHC stereocilia and the spiral limbus, increasing HDAd-prestin-GFP uptake in some fashion. There are many different ways to transduce cochlear tissues, some of which might have more transduction efficiency with less toxicity. Previous studies reported viralmediated gene transfer into the cochlea using herpes simplex type I and vaccinia viruses (Bowers et al. 2002; Chen et al. 2001; Derby et al. 1999; Van de Water et al. 1999) , lentiviruses (Han et al. 1999) , retroviruses (Zheng et al. 1998 ), adenoviruses (Jero et al. 2001 Luebke et al. 2001; Mondain et al. 1998; Raphael et al. 1996; Shou et al. 2003; Stover et al. 2000) , and adenoassociated viruses (Kho et al. 2000; Lalwani et al. 1998; Stone et al. 2005; Luebke et al. 2001) .
Nevertheless, as HDAd can infect the organ of Corti, this virus might potentially be used for gene therapy to treat hearing loss in vivo. On one hand, the presence of human hearing loss because of a prestin mutation (Liu et al. 2003) has been called into question (Tang et al. 2005) , and the lack of any other published clinically significant human mutations in prestin to date suggests that prestin-associated hearing loss is rare. On the other hand, prestin transduction in supporting cells may provide some rudimentary form of electromotility that may be valuable in patients with hearing loss of other etiologies.
